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HIGHLIGHTS 


►  Pd— P/MWCNTs  is  synthesized  by  homogeneous  precipitation-reduction  reaction  method. 

►  Ultrafine  Pd-P  nanoparticles  are  highly  dispersed  on  MWCNTs  surface. 

►  Pd— P/MWCNTs  shows  excellent  electrocatalytic  activity  for  ethanol  oxidation. 
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Multiwalled  carbon  nanotubes  (MWCNTs)  supported  palladium-phosphorus  nanoparticles  (Pd-P/ 
MWCNTs)  catalyst  is  synthesized  by  homogeneous  precipitation-reduction  reaction  method  using 
hypohosphite  as  reducing  agent.  X-ray  photoelectron  spectroscopy  (XPS)  and  X-ray  diffraction  (XRD) 
analysis  confirm  that  some  P  has  entered  into  the  crystal  lattice  of  Pd  and  thus  the  Pd-P  alloy  is  formed. 
Transmission  electron  microscopy  (TEM)  images  reveal  that  Pd-P  nanoparticles  are  uniformly  dispersed 
on  MWCNTs  and  the  average  particle  size  of  Pd-P/MWCNTs  catalyst  is  very  similar  to  that  of  Pd/ 
MWCNTs  catalyst  prepared  by  using  NaBH4  as  reducing  agent.  Cyclic  voltammetric  and  chro- 
noamperometric  experiments  show  that  the  electrocatalytic  activity  and  long-term  operation  stability  of 
Pd— P/MWCNTs  catalyst  are  better  than  that  of  Pd/MWCNTs  catalyst  for  ethanol  electrooxidation  in 
alkaline  media,  indicating  that  the  addition  of  P  in  Pd  nanoparticles  can  promote  the  electrocatalytic 
activity  and  stability  of  Pd  catalyst  for  ethanol  electrooxidation. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  ethanol  fuel  cells  (DEFCs)  have  attracted  more  and  more 
attention  as  a  new  generation  of  environment  friendly  power 
source  due  to  its  high  energy  density,  low  pollutant  emission,  low 
operating  temperature,  and  ready  availability  and  low  toxicity  of 
ethanol  fuel.  Recently,  palladium  (Pd),  which  is  cheaper  and  more 
abundant  than  platinum  (Pt),  has  been  recognized  as  an  effective 
catalyst  for  ethanol  electrooxidation  in  alkaline  solution  [1], 
However,  there  are  still  many  difficulties  associated  with  ethanol 
electrooxidation.  For  example,  the  complete  oxidation  of  ethanol  to 
CO2  involves  12  electrons  transfer  and  the  scission  of  a  C— C  bond, 
which  demands  high  activation  energy  to  be  overcome.  Meanwhile, 
some  intermediates  (mainly  CO  and  -CHO)  produced  during  the 
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oxidation  reaction  poison  the  anode  catalyst  and  in  turn  reduce  the 
catalytic  efficiency  [2],  Thus,  the  activity  and  stability  of  Pd  catalyst 
are  still  in  need  of  improvement. 

Till  now,  various  Pd-based  binary  alloy  catalysts  for  ethanol 
electrooxidation,  such  as  Pd-Ag  [3],  Pd-Sn  [4-6],  Pd-Ni  [7,8], 
Pd-Au  [9,10],  Pd-Ru  [11,12],  and  Pd-Pb  [13],  etc.,  have  been 
developed  successfully.  However,  ethanol  electrooxidation  on 
palladium-nonmetal  binary  catalyst  is  seldom  reported.  Mean¬ 
while,  our  previous  investigations  demonstrate  the  phosphorus 
(P)  doping  can  effectively  improve  the  electrocatalytic  activity  of 
Pd  catalyst  for  formic  acid  electrooxdiation  due  to  electronic  effect 
and  ligand  effect  [14,15],  In  this  work,  both  multiwalled  carbon 
nanotubes  (MWCNTs)  supported  palladium  nanoparticles  (Pd/ 
MWCNTs)  and  palladium-phosphorus  nanoparticles  (Pd— P/ 
MWCNTs)  catalysts  with  similar  particle  sizes  are  synthesized  by 
homogeneous  precipitation-reduction  reaction  method  (i.e., 
PdCh  ->  Pd0  H20  — >  Pd°  reaction  path)  [16].  The  as-prepared 
Pd— P/MWCNTs  catalyst  shows  better  electrochemical  activity 
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and  stability  for  ethanol  electrooxidation  than  Pd/MWCNTs  cata¬ 
lyst,  indicating  phosphorus  doping  effectively  improve  the  elec- 
trocatalytic  activity  of  Pd  catalyst  for  ethanol  electrooxdiation. 

2.  Experimental 

2.1.  Chemicals 

Multiwalled  carbon  nanotubes  (MWCNTs)  (>95%  purity;  outer 
diameter  35  ~  60  nm;  inner  diameter  25  ~40  nm;  length  5  ~10  pm) 
used  in  this  study  were  purchased  from  Chengdu  Organic  Chem¬ 
icals  Co.,  Ltd.,  Chinese  Academy  of  Sciences.  Naphthalen-1- 
ylmethylphosphonic  acid  (NYPA,  shown  in  Scheme  1)  was  gifted 
by  Dr.  Pengfei  Wang  at  Nanjing  University.  All  other  reagents  were 
of  analytical  grade  and  used  without  further  purification. 

2.2.  Synthesis  of  catalysts 

The  water-soluble  phosphonate  functionalized  MWCNTs  were 
synthesized  by  the  n-n  stacking  interaction  between  MWCNTs  and 
NYPA  [17],  which  could  effectively  anchor  PdOH20  nanoparticles 
to  MWCNTs  surface  by  the  interaction  between  —  PO3H2  groups 
and  PdOH20  nanoparticles  [18],  As  described  by  Scheme  1,  Pd-P/ 
MWCNTs  catalyst  was  prepared  as  follows:  3.0  mL  of  0.045  M  PdCl2 
solution  and  60.0  mg  of  phosphonate  functionalized  MWCNTs  were 
added  into  27.0  mL  water,  and  the  suspension  was  ultrasonicated 
for  30  min.  After  adjusting  solution  pH  to  5.5,  the  mixture  was  kept 
at  40  °C  for  3  h  to  generate  PdO  •  H20/MWCNTs  nanocomposites  via 
hydrolyzation  reaction  of  PdCl2.  Subsequently,  5  mL  of  0.54  M 
NaH2P02  solution  was  added  into  the  suspension  and  then  stirred 
for  an  additional  60  min.  After  filtration  and  dryness,  Pd— P/ 
MWCNTs  catalyst  was  obtained.  For  comparison,  MWCNTs  sup¬ 
ported  palladium  nanoparticles  (Pd/MWCNTs)  catalyst  was  also 
prepared  by  using  NaBH4  as  reductant  under  the  same  preparation 
conditions. 

2.3.  Characterization  of  catalysts 

Electrochemical  measurements  were  performed  in  a  conven¬ 
tional  three-electrode  electrochemical  cell  by  using  a  CHI  660C 
electrochemical  analyzer.  A  Pt  plate  auxiliary  electrode  and  a  satu¬ 
rated  calomel  reference  electrode  (SCE)  were  used.  All  potentials  in 
this  study  were  reported  with  respect  to  the  SCE.  For  preparation  of 
working  electrode,  typical  process  followed  the  previous  procedure 
reported  [19].  The  specific  loading  of  Pd  metal  on  the  electrode 
surface  was  about  28  gg  cm-2.  Electrochemical  measurements  for 


catalysts. 


ethanol  electrooxidation  were  carried  out  in  a  mixed  solution  of 
1  M  KOH  +  1  M  CH3CH2OH.  N2  was  bubbled  through  the  solution 
for  20  min  to  remove  the  dissolved  02  prior  to  the  electrochemical 
measurements.  CO-stripping  voltammetry  measurements  were 
preformed  according  to  previous  procedure  reported  [19,20],  All 
electrochemical  measurements  were  carried  out  at  30  ±  1  °C. 

Metal  loading  in  catalyst  was  accurately  determined  with 
a  Leeman  inductively  coupled  plasma  atomic  emission  spectrom¬ 
etry  (ICP-AES).  XRD  measurements  were  performed  with  Model  D/ 
max-rC  diffractometer.  The  morphology  and  particle  size  of  cata¬ 
lysts  were  investigated  using  a  JEOL  JEM-2010  transmission  elec¬ 
tron  microscopy  (TEM).  X-ray  photoelectron  spectroscopy  (XPS) 
measurements  were  carried  out  on  a  Thermo  VG  Scientific  ESCA- 
LAB  250  spectrometer. 

3.  Results  and  discussion 

3.1.  Physicochemical  characterization  of  catalysts 

Pd— P/MWCNTs  and  Pd/MWCNTs  catalysts  were  synthesized 
using  the  improved  homogeneous  precipitation-reduction 
reaction  method  (i.e.,  PdCl2  -*•  PdO  H20  — »  Pd°  reaction  path) 
reported  previously  by  us  [16],  as  illustrated  in  Scheme  1.  After 
adjusting  pH  value  of  PdCl2  solution  to  5.5,  the  resulting  PdCl2 
solution  (pH  =  5.5)  was  heated  to  slowly  generate  PdO  H20 
nanoparticles.  Then,  the  formed  PdO  H20  nanoparticles  was 
reduced  to  obtain  Pd°  nanoparticles  by  using  appropriate 
reduction  reagent.  Due  to  the  strong  reduction  capacity  of 
hypohosphite  ( E  =  -0.504  V  +  0.06  pH)  in  acidic  solution  [21], 
hypohosphite  can  reduce  intermediate  PdO  H20  nanoparticles 
to  generate  metallic  Pd  nanoparticles  (Eq.  (1)).  ICP-AES  analysis 
shows  Pd— P/MWCNTs  catalyst  contains  about  28.8  wt.%  metal 
Pd,  in  accordance  with  Pd/MWCNTs  catalyst  (29.2  wt.%).  In 
hypohosphite-metal  salt  system,  the  elemental  phosphorus 
generated  via  hydrogenous  free  radical  (Eq.  (2))  and/or 
hydrogenous  radical  anion  (Eq.  (3))  mechanisms  can  react  with 
metal  (M)  to  form  M-P  alloy  (Eq.  (4))  [21—26].  As  expected,  ICP- 
AES  analysis  indicates  the  atomic  ratio  of  Pd  and  P  in  the  Pd— P/ 
MWCNTs  catalyst  is  100:12,  illustrating  that  phosphorus 
element  is  successfully  introduced  into  Pd  nanoparticles. 


PdOH20  +  H2P02  — >Pd  +  H2PC>3  +  H20  (1) 

H2P0J  +  H+  +  H— >2H20  +  P  (2) 

H2PO  J  +  2H+  +  H~  — ►  2H20  +  1  /2H2  +  P  (3) 

nM  +  P— >MnP  (4) 


Fig.  1  shows  XPS  spectra  of  catalysts  in  P2p  and  Pd3d  region.  In 
the  P2p  spectrum  of  Pd-P/MWCNTs  catalyst,  P2p  peaks  at  130.4  and 
134.3  eV  are  assigned  to  elemental  state  phosphorus  (P°)  inter¬ 
acting  with  palladium  and  oxidized  phosphorus  (Pv),  respectively 
[14],  In  the  previous  reports,  Pd— P  and  Pt-P  catalysts  were 
successfully  prepared  by  using  hypohosphite  as  reducing  agent  in 
weak  alkaline  conditions  [27-31],  However,  elemental  state 
phosphorus  (P°)  could  not  been  observed.  Thus,  we  presume  that 
the  low  solution  pH  may  facilitate  the  generation  of  elemental  state 
phosphorus  (P°).  The  Pd3d  signal  of  Pd/MWCNTs  catalyst  is  fitted  to 
two  pairs  of  doubles:  Pd3d3/2  (340.9  eV),  Pd3d5/2  (335.7  eV)  and 
Pd3d3/2  (342.9  eV),  Pd3d5/2  (337.7  eV),  which  can  be  assigned  to  Pd° 
and  PdnO  species,  respectively.  For  Pd-P/MWCNTs  catalyst,  the 
binding  energies  of  Pd°  and  PdnO  species  positively  shift  ca.  0.15  eV 
compared  to  Pd/MWCNTs  catalyst.  The  positive  shift  of  binding 
energies  is  attributed  to  Pd— P  interaction  [14],  which  reflects  the 


K.  Wu  et  al.  /  Journal  of  Power  Sources  219  (2012)  258-262 


downshift  of  d-band  center  of  Pd  atom  in  Pd— P  nanoparicles 
[32—34],  and  consequently  results  in  the  decrease  in  interaction 
strength  of  the  various  adsorbates  to  Pd  surface  [35-39].  As 
observed,  Pd-P/MWCNTs  catalyst  possess  relatively  less  amount  of 
oxide  state  (PdnO,  12.8%)  than  Pd/MWCNTs  catalyst  (PduO,  26.2%), 
confirming  that  Pd— P/MWCNTs  catalyst  has  a  weaker  oxophilicity 
than  Pd/MWCNTs  catalyst  due  to  the  downshift  of  d-band  center  of 
Pd  atoms  in  Pd-P/MWCNTs. 

The  phase  and  purity  of  as-prepared  products  were  determined 
by  XRD  (Fig.  2).  Both  Pd/MWCNTs  and  Pd-P/MWCNTs  catalysts 
exhibit  diffraction  peaks  of  (111),  (200),  (220),  (311),  and  (222) 
planes  corresponding  to  a  face  centered  cubic  crystal  structure 
(JCPDS  05-0681).  A  careful  survey  of  Pd(220)  peak  reveals  that 
diffraction  peaks  of  Pd-P/MWCNTs  catalyst  are  shifted  to  higher 
26  value  compared  to  Pd/MWCNTs  catalyst  (Insert  in  Fig.  2), 
reflecting  the  lattice  contraction  due  to  the  partial  substitution  of 
Pd  by  P  [40-44],  In  order  to  avoid  disturbance  of  the  diffraction 
peak  of  the  carbon  support,  the  average  size  of  catalyst  is  calcu¬ 
lated  from  the  half  peak  width  of  the  Pd(220)  peak  according  to 
Scherrer  equation  [45],  The  average  particle  sizes  of  Pd/MWCNTs 
and  Pd— P/MWCNTs  catalysts  are  calculated  to  be  3.3  and  3.4  nm, 
respectively. 

Fig.  3  shows  typical  TEM  images  of  catalysts.  As  observed,  both 
Pd  nanoparticles  and  Pd-P  nanoparticles  are  highly  dispersed  on 
MWCNTs.  Size  distribution  histograms  show  the  average  particle 
sizes  of  Pd/MWCNTs  and  Pd-P/MWCNTs  are  3.6  and  3.5  nm, 
respectively,  in  good  agreement  with  the  values  obtained  from 
XRD.  In  our  present  work,  all  spectroscopic  characterizations  show 
particle  size,  morphology  and  structure  of  both  catalysts  are  very 
similar,  which  can  effectively  clarify  the  effect  of  phosphorus 
doping  on  electrocatalytic  activity  of  Pd  catalyst  for  ethanol 
electrooxidation. 


Fig.  3.  TEM  images  and  corresponding  size  distribution  histograms  of  (a)  Pd/MWCNTs  and  (b)  Pd-P/MWCNTs  catalysts. 


K.  Wu  et  al.  /  Journal  of  Power  Sources  219  (2012)  258-262 


261 


Fig.  4.  Cyclic  voltammograms  of  (a)  Pd/MWCNTs  and  (b)  Pd-P/MWCNTs  catalysts  in 
N2-saturated  0.5  M  H2S04  solutions  at  50  mV  s_1. 


3.2.  Electrocatalytic  activity  of  catalysts  for  CH3CH2OH 
electrooxidation 

Fig.  4  shows  cyclic  voltammograms  of  Pd— P/MWCNTs  and  Pd/ 
MWCNTs  catalysts  in  ^-saturated  0.5  M  H2SO4  solutions  at 
50  mV  s-1.  As  observed,  the  reduction  peak  potential  of  Pd  oxide  at 
Pd-P/MWCNTs  catalyst  shifts  positively  ca.  20  mV  compared  to  Pd/ 
MWCNTs  catalyst,  indicating  that  Pd-P/MWCNTs  catalyst  has  the 
weaker  oxophilicity  than  Pd/MWCNTs  catalyst  (i.e.,  Pd— P/MWCNTs 
catalyst  has  the  lower  hydroxyl  surface  coverage  than  Pd/MWCNTs 
catalyst)  [42,46,47],  in  good  agreement  with  the  result  of  XPS 
measurement.  Since  adsorbed  hydroxyl  species  inhibit  ethanol 
oxidation,  the  lower  hydroxyl  surface  coverage  on  Pd-P/MWCNTs 
may  facilitate  the  ethanol  oxidation  kinetics. 

Fig.  5  shows  the  CO-stripping  voltammograms  of  Pd— P/ 
MWCNTs  and  Pd/MWCNTs  catalysts.  The  electrochemically  active 
surface  area  (ECASA)  of  Pd-P/MWCNTs  and  Pd/MWCNTs  catalysts 
can  be  calculated  from  the  area  of  the  oxidation  peak  of  COad 
through  the  following  equation. 

ECASA  =  Q_/mC  (5) 

where  Q,  is  the  charge  quantity  for  CO  desorption  electrooxidation, 
m  is  the  mass  of  palladium  on  the  electrode  surface,  and  C  is  the 
oxidation  charge/cm2  of  a  monolayer  CO  on  Pd  surface  (here,  it  is 
420  pC  cm”2)  [48],  Although  particle  sizes  of  both  catalysts  are  very 
similar,  the  electrochemically  active  surface  area  of  Pd— P/MWCNTs 
(59.6  g  1  m2)  is  much  lower  than  that  of  Pd/MWCNTs 


-0.2  0.0  0.2  0.4  0.6  0.8  1.0 

Potential  /  V  vs.  SCE 


Fig.  5.  Cyclic  voltammograms  of  pre-adsorbed  CO  at  (a)  Pd/MWCNTs  and  (b)  Pd— P/ 
MWCNTs  in  N2-saturated  0.5  M  H2S04  solutions  at  50  mV  s_1. 


(108.2  g-1  m2).  In  addition,  it  is  observed  that  the  oxidation  peak 
potential  of  COad  at  Pd— P/MWCNTs  catalyst  shifts  negatively  ca. 
40  mV  compared  to  Pd/MWCNTs  catalyst.  The  above  results  illus¬ 
trate  that  P  doping  can  decrease  the  adsorption  strength  and 
amount  of  COad,  which  facilitates  the  rate  of  the  ethanol  electro¬ 
oxidation  and  enhances  the  anti-poisoning  capability  of  catalyst. 

The  electrocatalytic  activities  of  Pd/MWCNTs  and  Pd— P/ 
MWCNTs  catalysts  were  characterized  by  cyclic  voltammetry. 
Fig.  6A  shows  cyclic  voltammograms  of  Pd/MWCNTs  and  Pd-P / 
MWCNTs  catalysts  in  the  1  M  KOH+1  M  CH3CH2OH  solution  at 
the  rate  of  50  mV  s-1.  In  the  positive  scan  direction,  the  onset 
oxidation  potential  and  the  peak  potential  of  ethanol  electro¬ 
oxidation  locate  at  ca.  -0.63  V  and  ca.  -0.13  V  for  all  catalysts, 
respectively.  Flowever,  it  is  observed  that  peak  currents  of  ethanol 
oxidation  are  1821.4  and  2410.6  A  g  '-Pd  on  Pd/MWCNTs  and 
Pd— P/MWCNTs  catalysts,  showing  that  the  mass  activity  of  Pd— P/ 
MWCNTs  catalyst  is  a  factor  of  1.3  higher  than  Pd/MWCNTs  cata¬ 
lyst.  Long-term  stabilities  of  catalysts  were  also  investigated  by 


Potential  /  V  vs.SCE 

Fig.  6.  (A)  Cyclic  voltammograms  and  (B)  long-term  stabilities  of  (a)  Pd/MWCNTs  and 
(b)  Pd-P/MWCNTs  catalysts  in  the  1  M  KOH  +  1  M  CH3CH2OH  solution  at  the  rate  of 
50  mV  s-1.  (C)  Corresponding  cyclic  voltammograms  normalized  using  Pd  electro¬ 
chemically  active  surface  area  (A  m~2-Pd). 
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Fig.  7.  Chronoamperometric  curves  of  (a)  Pd/MWCNTs  and  (b)  Pd— P/MWCNTs  cata¬ 
lysts  in  the  1  M  KOH  +  1  M  CH3CH20H  solution  at  -0.2  V. 


continuous  cyclic  voltammetry  measurements  (Fig.  6B).  As 
observed,  the  ethanol  oxidation  current  on  Pd— P/MWCNTs  catalyst 
is  higher  than  Pd/MWCNTs  catalyst  in  the  whole  process,  indicating 
that  Pd— P/MWCNTs  catalyst  has  better  durability  and  stability  for 
ethanol  electrooxidation  than  Pd/MWCNTs  catalyst.  It  is  well 
known  that  the  specific  activity  of  catalyst  demonstrates  the 
intrinsic  activity  of  the  metal  nanoparticles.  Fig.  6C  shows  that  the 
peak  current  density  (i.e.,  the  specific  activity)  of  ethanol  oxidation 
on  Pd— P/MWCNTs  catalyst  is  about  2.4  times  larger  than  that  on 
Pd/MWCNTs  catalyst,  illustrating  that  P  can  promote  the  electro- 
catalytic  activity  of  Pd  nanoparticles  for  ethanol  electrooxidation. 

The  electrochemical  stabilities  of  catalysts  were  further  inves¬ 
tigated  by  chronoamperometric  experiments  (Fig.  7).  It  is  observed 
that  the  ethanol  oxidation  currents  at  the  Pd/MWCNTs  and  Pd-P / 
MWCNTs  catalysts  at  1000  s  are  239.2  and  429.4  A  g-1  Pd,  corre¬ 
sponding  to  49.1%  and  35.2%  of  their  initial  values,  respectively.  This 
further  confirms  that  the  electrocatalytic  mass  activity  and  stability 
of  Pd— P/MWCNTs  catalyst  are  much  better  than  that  of  Pd/ 
MWCNTs  catalyst. 

4.  Conclusions 

In  summary,  the  highly  dispersed  and  ultrafine  Pd-P / 
MWCNTs  catalyst  can  be  synthesized  by  homogeneous 
precipitation— reduction  reaction  method.  The  electrochemical 
measurements  show  that  the  addition  of  P  in  Pd  nanoparticles  can 
promote  the  electrocatalytic  activity  and  stability  of  Pd  catalyst  for 
ethanol  electrooxidation.  The  improved  activity  and  stability  of 
Pd— P/MWCNTs  catalyst  are  attributed  to  following  reasons:  i)  the 
low  hydroxyl  surface  coverage  on  Pd— P/MWCNTs,  which  facilitates 
the  ethanol  oxidation  kinetics;  ii)  the  abundant  O-containing 
surface  species  originated  from  phosphorus  oxide,  which  acceler¬ 
ates  the  oxidation  of  COads  to  CO2  via  the  so-called  bifunctional 
mechanism. 
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